ABSTRACT: Herein, we report the synthesis and characterization of a nanosensor developed from a group of uniform materials based on organic salts (GUMBOS). This sensor is composed of three ionic species, namely, fluorescein, rhodamine B, and tetradecyltrihexyl phosphonium (P 66614 ) ions. Nanoparticles prepared from this three-component GUMBOS, termed nanoGUMBOS, exhibited increased fluorescence at two wavelengths with increases in pH values. The ratio of fluorescence emission corresponding to FL and RhB components of these nanoGUMBOS also changed with pH, allowing ratiometric analysis of pH through fluorescence measurements. Peak ratios were significantly different at pH 5 and pH 7, indicating potential applications of this nanomaterial as a cancer diagnostic tool. In this regard, in vitro fluorescence microscopy was employed to image cancerous and normal breast cells incubated with nanoGUMBOS. Fluorescence imaging of cancer cells showed higher uptake of these nanoGUMBOS and more pervasive fluorescence intensity in comparison with normal cells. Thus, the synthesized novel nanomaterial shows a great potential for rapid visual imaging of cancer cells.
INTRODUCTION
Extracellular and intracellular sensing of pH are important tasks because of fluctuation of pH values with conditions such as cancer and bacterial infections. Both healthy and cancerous cells tightly regulate pH within the cell (intracellular pH) at typical values between 7.0 and 7.4.
1 Healthy extracellular pH values are generally between 5.5 and 7.4. However, extracellular pH in healthy individuals can be lowered because of cancer, renal failure, acidosis, chronic obstructive pulmonary disease, and many other adverse conditions. 2, 3 Therefore, an extracellular pH sensor would be an effective diagnostic tool for abnormal pH value conditions that are traditionally acidic. Such pH sensors are also of great importance to agricultural, 4 environmental, 5 biological, 6 and food manufacturing applications. For instance, the dairy industry requires pH sensing for several processes such as checking the freshness of milk, bacterial conversion of lactose to lactic acid in yogurt, cheese production, and so on. 7 The importance of pH sensing has led to development of many types of sensors such as potentiometric sensors, 8 electrolyte−insulator−semiconductor sensors, 9 and fluorescence sensors. Fluorescence pH sensors are of particular interest owing to the high sensitivity, selectivity, and speed inherent to fluorescence measurements. 10, 11 Moreover, nanomaterials can be used to enhance many such pH sensors by facilitating the manipulation of solubility, fluorescence intensity, and combinations of multiple beneficial components. 12 Furthermore, nanoscale pH sensors are important for intracellular pH sensing because they can be used with minimal invasion and can be relatively easily synthesized using size-controlled processes for optimum cellular uptake. 13 Common designs of nanoscale fluorescent pH sensors include the incorporation of fluorescent moieties into various nanoparticle matrices prepared from materials such as polymer 14, 15 and silica. 16, 17 A microemulsion approach has also been applied for the formation of pH-sensitive fluorescent nanoparticles. 18 Regardless of the method used to synthesize nanoparticles, several properties are required from an ideal nanoparticle-based pH sensor depending on the application. As an example, for cellular pH sensors, one of the important properties is that the range of pH sensing ability should encompass pH values relevant to the biological systems of interest. 19 Additionally, sensing should not be inhibited by components within the cell, for example, calcium and sodium ions. 20 Typical fluorescence-based pH sensing techniques are impacted by variables such as source intensity, photobleaching, and path length of the measurement. These variables require calibration of sensing systems for accurate measurements. 21 The need for calibration is an especially large deficiency for cellular studies because of variations in path length in different parts of the cell and between different cells. 22 Fluorophores with multiple independent emission peaks can be used to overcome calibration needs. For example, ratiometric responses (i.e., the emission intensity ratio between two peaks) can be achieved using a single fluorophore with varied acidic and basic emission, 23 two fluorophores that exhibit pH-dependent Furster resonance energy transfer (FRET), 24 or one fluorophore with pH-dependent emission and one fluorophore with pH-independent emission. 25 Thus, it has been established that ratiometric measurements provide an intrinsic calibration that is relatively inert to sensitivities of typical cellular fluorescent measurements.
Despite the many and various needs for pH sensors, there is still a significant need for inexpensive pH sensors that employ simple synthesis with high yields. 26 In this regard, a group of uniform materials based on organic salts (GUMBOS) are solid phase ionic materials renowned for their tunability and broad applicability and have demonstrated capabilities as pH sensors. 27, 28 Other potential GUMBOS applications vary from photosensitizers in solar cells, 29 use in OLEDs, 30 sensing applications, 31, 32 cancer treatment, 33 and beyond. In the study reported herein, we demonstrate a three-component, nanoscale, fluorescent GUMBOS as a pH sensor probe composed of fluorescein (FL), rhodamine B (RhB), and tetradecyltrihexyl phosphonium ions (P 66614 ), which is scripted as [P 66614 ]- [RhB] [FL]. Cationic P 66614 was chosen for its significant hydrophobicity, a property necessary for nanoparticle formation from insoluble material in aqueous media. Anionic FL and cationic RhB were selected for their spectral overlap essential for FRET measurement, where FL serves as the donor and RhB as the acceptor. It is well-established that the intermolecular distance between a donor and an acceptor is critical and should be less than 10 nm for efficient FRET. 34 Incorporation of these ions into a single GUMBOS reduces the distance between donor and acceptor and thus allows effective FRET measurement. Effective FRET should result in two fluorescence emission peaks of [P 66614 ][RhB] [FL] . The ratio of intensities between these peaks is expected to vary with pH. Therefore, ratiometric analysis can be performed similar to the process employed by Cong, et al. 35 Figure 2 ).
Fluorescence emission of individual parent dyes was somewhat affected as a result of the presence of the other fluorophore in solution. Thus, a solution with 10 μM each FL and RhB showed fluorescence emission in which the FL peak intensity was slightly quenched, whereas RhB emission was enhanced, indicating a slight occurrence of FRET. Fluorescence emission of the mixture did not exhibit a peak shift as compared to separate fluorophore solutions of 10 μM each. When two dyes were incorporated into a GUMBOS with P 66614 , the fluorescence emission peak corresponding to FL was reduced significantly, much more so than in free solution. This reduction in emission is likely due, in part, to reduced absorbance of [ wavelength. Furthermore, emission of [P 66614 ] [RhB] [FL] at 565 nm (band corresponding to RhB) was more intense than that at 520 nm (band corresponding to FL). The change in intensity ratios suggests that, as expected, the formation of GUMBOS reduced the distance between FL and RhB sufficiently to achieve significant FRET.
2.2. Spectral Overlap Integral and Forster Distance of Fluorescein and Rhodamine B. In addition to limited spatial distance, another condition for FRET to occur is the sufficient spectral overlap between the emission spectrum of donor and the absorbance spectrum of acceptor. A high spectral overlap indicates high probability of FRET. In that regard, calculation of the spectral overlap integral was performed using the following equation
where ε is the molar extinction coefficient of acceptor species (cm
), f(λ) is the normalized emission intensity of donor, and λ is the wavelength. We note that FL (donor) and RhB (acceptor) were chosen because they have a significant and appropriate spectral overlap, calculated to be J(λ) = 4.88 × 10 15 M −1 cm −1 nm 4 under our experimental conditions ( Figure  3 ).
The critical FRET transfer distance, R 0 , was calculated using the equation
where κ 2 is the orientation factor, Φ 0 is the quantum yield of the donor molecule, n is the refractive index of the medium, and J is the previously discussed spectral overlap. R 0 was calculated to be 61.48 Å under our experimental conditions.
Energy-Transfer Efficiency of [RhB][FL][P 66614 ] GUMBOS.
Energy-transfer efficiency (E) was calculated using the following equation
where F da is the fluorescence intensity of a donor in the presence of an acceptor and F d is the fluorescence intensity of a donor in absence of an acceptor. E quantifies the percentage of energy emitted by a donor that is subsequently absorbed by an (Figure 4 ) in pure water retained all features of the parent dyes. However, the absorbance value was significantly decreased in nanoGUMBOS as compared to parent dyes. Decreased and broadened absorbance is not unexpected with nanoparticle formation and can be attributed to aggregation, absence of motional narrowing, and asymmetric molecular arrangement (lattice disorder). 29,37−40 Fluorescence emission spectra of parent dyes and nano-GUMBOS were obtained using an excitation wavelength of 495 nm, that is, the maximum absorbance of FL in order for FRET to occur ( Figure 5 ). As expected, RhB had a significantly lower fluorescence emission than FL because of the low absorbance of RhB at 495 nm. When an aqueous solution containing FL and RhB was excited at this wavelength, FL emission was quenched by approximately 9% (from 761 000 to 696 000 a.u.) and the peak area was reduced by approximately 8% (from 22 800 000 to 20 900 000).
Emission intensity corresponding to RhB emission maximum (λ = 575 nm) is apparently enhanced from 25 500 to 91 100 a.u. The peak area is seemingly enhanced from 1 150 000 to 5 660 000. However, this emission was purely the sum of molecular FL and RhB emissions. The lack of enhancement in RhB emission suggested that an aqueous solution containing molecular FL and RhB did not undergo significant FRET. It can be discerned that FL and RhB were at sufficiently low concentrations or oriented in aqueous solution in a manner that inhibited FRET. NanoGUMBOS suspended in water and excited at 495 nm exhibited a significantly decreased FL emission. Fluorescein incorporated into nanoGUMBOS had emission quenched 78% relative to FL emission in free solution and a 70% decrease in the area. Rhodamine B emission was enhanced more than 14-fold as a component of nano-GUMBOS (from 25 400 a.u. in free solution to 359 000 a.u. in nanoGUMBOS), whereas the area of this peak increased approximately 17- Figure 6A ). The absorbance band at 550 nm corresponds to the RhB component of the nanoGUMBOS and remains largely unchanged across all pH values investigated. This pattern is comparable to known absorbance properties of molecular RhB. 41 Therefore, any pH-dependent changes in RhB emission can be attributed to the association of RhB with FL and P 66614 . In practical applications of fluorescence-based measurements, a single excitation wavelength with dual emission wavelengths is typically more feasible than a dual excitation wavelength. 42 Figure 6B ). Each spectrum in Figure 6 has been normalized to the maximum value in the experiment. For example, in Figure 6A , all spectra have been normalized to pH 7 maximizing at 1.
At 45 Fluorescence emission intensity and peak area at the FL band (515 nm) increased from that of more acidic pH values because of increased absorbance of the monoanionic form and correspondingly higher molar extinction coefficient at the chosen excitation wavelength. 44 Emission and peak area at the RhB band (575 nm) was also increased from the more acidic environment of pH 2. This emission is not expected to change with pH when excited at 495 nm. Therefore, this increase can be attributed to increased FRET resulting from a more intense FL emission. The emission at pH 5 was not significantly shifted from the parent compound emission, indicating that J-aggregates were not prevalent at this pH. It has previously been demonstrated that the protolytic form of FL participates in directing the prevalence and type of aggregation (i.e., J or H). 28 The absorbance spectrum of nano [P 66614 ] [RhB] [FL] at pH 6 was in broadness and intensity similar to the spectrum at pH 5 with two exceptions: at pH 6, there was a slight increase (0.02 units) in the absorbance band at 485 nm and a significant decrease in apparent shouldering from RhB around 510 nm. Fluorescein has a pK a of 6.45 between the mono-and dianionic forms. The closeness of pH 6 to this pK a value likely resulted in multiple FL species as seen in the absorbance spectrum. The emission intensity and peak area of nano-
[FL] at pH 6 was significantly higher than at pH 5 for the FL band despite comparable absorbance at the excitation wavelength. Dianionic FL has significantly more intense fluorescence than monoanionic FL. 45 Therefore, increased fluorescence intensity was likely due in part to the presence of dianionic FL in nano [ nanoparticles at different pH values and apparent differences in fluorescence intensities suggested that this GUMBOS can be used for pH-dependent emission at a single excitation wavelength.
Ratiometric calculations can be used for an intrinsically calibrated determination of pH values, as previously discussed. 46, 47 The ratio of intensities was calculated between 512 and 575 nm. As depicted in Figure 7, were synthesized in pure water using a reprecipitation method. As can be seen from Figure 8A , uniform size distribution of nanoparticles with an average size of 4.4 ± 0.7 nm was observed using TEM micrograph analyses. When these particles were injected into buffer solutions at various pH values, size distributions of nanoparticles were found to differ for different environmental acidities, especially at extreme pH values (viz. 2 and 10). It has previously been shown that both the protolytic form of FL 28 (where applicable) and several types of interactions (covalent and noncovalent) 48 impact molecular arrangement of nanoparticles and can impart pH-induced size changes. At pH 2, molecular FL exists in the cationic form. 44 Figure 8B) . Relatively large nanoparticles suggested that the presence of cationic FL (as seen in absorbance spectrum, Figure 6A ) exhibited sufficient repulsion with P 66614 cations to increase the particle size. Such changes in size because of intraparticle interactions with pH have previously been described in detail. 28 Despite this significant size and repulsion increase, particles are uniformly sized with a spherical shape.
Between pH 4 and 8, the [P 66614 ][RhB][FL] nanoparticle size was not significantly altered upon injection into buffer solutions (relative to suspension in water). Nanoparticles at pH 4 were found to be 4.3 ± 0.7 nm ( Figure 8C ). Molecular FL would be neutral at this pH value. The presence of neutral FL species is supported by the absorbance spectrum ( Figure  6A ). Interestingly, no significant size difference was observed at pH 4 as compared to pure water. Neutral FL would not be expected to have significant intraparticle repulsion effects with cationic components. Therefore, size preservation further supported the theory that the nanoparticle size is partially driven by the protolytic form of FL and the resulting intraparticle interactions.
Between pH values of 5 and 6, molecular FL would be monodeprotonated. [P 66614 ] [RhB] [FL] nanoparticles were found to aggregate into a network of material at these pH values ( Figure 8D,E) . Within many of these networks of material, particles of approximately 4−5 nm were retained. [FL] appeared to be slightly soluble at these pH values, thereby decreasing the nanoparticle stability. A buffer of pH 7 resulted in distinct particles embedded into a network of material ( Figure 8F ). However, at pH 7, particles could be more clearly distinguished from the surrounding network than at pH 5 and 6. The average particle size found in the network of pH 7 was ≈ 4.2 ± 0.5 nm, statistically equivalent in size to particles in pure water. A pH value of 8 also resulted in particles of size and shape ( Figure 8G ) similar to those formed in pure water (viz. 3.8 ± 0.6 nm). Molecular FL is dianionic at both pH 7 and 8. The two negative charges strongly interacted with cationic RhB and P 66614 to retain GUMBOS and nanoparticle association at these pH values. Interestingly, this size stability was not seen at pH 10 ( Figure  8H ). It was observed that basic pH 10 resulted in coalescence of [P 66614 Fluorescence microscopy filters can be selected to pass FL emission and RhB emission separately. In this case, measured intensities (from each filter) can be used to ratiometrically determine the pH in situ. This analysis is strongly beneficial not only for cancer detection but may also be useful for other human conditions involved in pH change (e.g., infections).
Two cell lines, normal human breast cells, and cancerous human breast cells were incubated with 25 nM [P 66614 ][RhB]-[FL] nanoparticles. Control studies were done with equivalent concentrations of parent dyes ( Figure 9A,B) . Fluorescence microscopy images were obtained using a TRITC filter (λ ex = 535 ± 15 nm and λ em = 575 ± 15 nm) and a differential interference contrast (DIC) polarizing filter. 49, 50 High photostability in a material results in longer shelf-life and more reproducible measurements over time. As depicted in Figure 10A , an exceptional photostability of [P 66614 ][RhB][FL] GUMBOS has been observed with an increase of 170% over the first 11000 s. From 11000 to 36000 s, the photostability was nearly constant at 170%. Fluorescein was reduced to 74% and RhB remained at 98% over the same time period ( Figure 10B ). However, the lack of photobleaching in the case of RhB is presumably because of the insignificant absorbance at the chosen excitation wavelength. Increased photostability has also been observed in previous studies where Lu, et al. ascribed this increased photostability to laser-induced J-aggregation. 28, 51 Figure S1 . In brief, disodium FL was dissolved in pH 5.5 citrate buffer, resulting in a monoanionic species.
[P 66614 ][Cl] in DCM was added using a 1:1.1 M ratio (P 66614 \FL) to aqueous FL and allowed to stir for 48 h. After stirring, FL could be distinguished prominently in the DCM layer via its well-known green color. Excess FL remained unreacted as evidenced by slight coloration of the water layer. This transfer suggested that FL was ionically associated with the phosphonium cation to form a water-insoluble salt. The DCM layer was washed several times with water to remove excess unreacted FL and NaCl byproduct. Aqueous RhB was added in a 1.1:1 molar ratio (RhB\[FL][P 66614 ]) and left to stir for 48 h until RhB was no longer prominent in the water layer. The water layer containing unreacted excess RhB was removed. The DCM layer was washed with water several times to remove any unreacted RhB and byproduct. The final product was obtained by removing DCM through rotary evaporation. The sample was subsequently lyophilized to remove excess water. The synthesis of [P 66614 
GUMBOS was confirmed by the use of a Bruker 400 NanoBay NMR ( Figure S2 ). Thermal gravimetric analysis was performed ( Figure S3 ) using a TA Instruments TGA 2950 (TA Instruments, New Castle, DE).
4.3. Synthesis of NanoGUMBOS. NanoGUMBOS were synthesized using a reprecipitation method in which 60 μL of 1 mM ethanolic GUMBOS solution was added to 3 mL of water under sonication. For pH studies, nanoGUMBOS synthesized in water was injected into the buffer of desired pH for a final concentration of 2 μM. Size and morphology of the resulting nanoGUMBOS were characterized using a JEOL1011CX transmission electron microscope (JEOL USA, Inc., Munich, Germany). 4.4. Spectroscopic Studies of GUMBOS and Nano-GUMBOS. Absorbance studies were performed using a Shimadzu UV-3101PC UV−vis−NIR scanning spectrometer (Shimadzu, Columbia, MD). Quartz cuvettes (Starna cells) with a 0.4 cm path length were used for all spectral analyses. For acquisition of absorbance spectra, an identical cell was filled with water or buffer, as the case may be, and used as reference. Fluorescent emission spectra were obtained using a FluoroLog-3 spectrofluorimeter (model FL3-22TAU3; HORI-BA Scientific, Edison, NJ) with 1 nm slit widths while employing the right-angle geometry.
4.5. Cell Culture. Normal human breast fibroblast (Hs578BST, ATCC no. HTB-125) and human breast carcinoma (Hs578T, ATCC no. HTB-126) cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA) and grown to 90% confluence at 37°C and 5% CO2 in Dulbecco's modified Eagle media (DMEM) supplemented with 10% FBS according to ATCC guidelines. 
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